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ABSTRACT The radiation emission from high-speed digital circuit may result in radio-frequency interfer-
ence (RFI) problems in modern electronic devices. In this paper, an improved equivalent dipole source based
on a new transfer model and a new regularization method is proposed. The equivalent source is obtained
by solving an inverse equation with near-field data. The tangential component of electric field used in
conventional equivalent source extraction is replaced by the normal component, which can reduce the test
difficulty and enhance the measurement efficiency. The new regularization method based on Tikhonov and
truncated singular value decomposition (TSVD) can enhance the stability and accuracy of the dipole solution.
In addition, the new transfer model and regularization method are verified by simulations and measurements.

INDEX TERMS EMC, equivalent dipole source, far-field radiation, near-field scanning, regularization
method, source reconstruction.

I. INTRODUCTION
With the development of electronic devices, the compact
and complex design may result in drastic radiation emission
problems. Source location and EMI estimation have been
very important for printed circuit board (PCB) designers
and electromagnetic compatibility (EMC) engineers. Due to
commercial confidentiality and protective package, it is often
impossible to capture the detailed physical size and field
distribution of a noise source. Therefore, the simulations in
full-wave tools lack sufficient conditions. The research on the
source reconstruction has become more attractive [1].

Over the past decades, source reconstruction based on near-
field measurements has been paid more attention to both
antenna tests and PCB diagnoses [2]–[4]. There are many
methods used to extract the equivalent source of a device
under test (DUT) based on near-field data. A widely used
method is to create an equivalent surface current source based
on integral functions and Green’s function [5]. As mentioned
in [6], a super-resolution source reconstruction method is
investigated with free space Green’s function. In [7]–[9],
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the near- and far-field patterns of an antenna can be computed
by an equivalent current source. A dipole probes array is
used to carry out the near-field to far-field transformation
in [10]. In addition, a source reconstruction technique based
on near-field data is given in [11] to calculate the forward and
backward radiation pattern of an antenna.

Another well-known source reconstruction technique
based on electric and magnetic dipoles is mentioned in [12]
and [13]. The main research on equivalent dipole source
is composed of the plane-wave spectrum theory and the
source reconstruction principle [14], [15]. An actual source
can be replaced by a set of infinitesimal dipoles of different
types, amplitudes, phases, locations and orientations [16].
The dipoles are used to produce a radiation distribution
that is equivalent to the radiation distribution created by
the target DUT. In addition, the voltage and current on the
surface of the DUT can be described by the dipole array
respectively. Previous work has shown that this approach
can be applied in near-field coupling and far-field radia-
tion of ICs, packages and PCBs [17]. And the research
tendency of equivalent dipole source is using less near-
field data to enhance the measurement efficient of near-field
data [18].
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To accurately locate a noise source, the distance between
near-field probe and DUT should be very small, and a high-
resolution scanning is necessary for EMI diagnose of a
small size PCB. And the perturbation created by near-field
probe should be considered. A comparison result is given
in appendix to illustrate the perturbation created by differ-
ent near-field probes. In addition, both the amplitude and
phase information of the near-field data are required to obtain
an accurate and stable equivalent dipole source [19]. How-
ever, the tangential component of electric field is difficult
to measure because of the limitation of tangential electric
field probe. In contrast, the normal component of an electric
field can easily be obtained by a common near-field probe.
Therefore, it is time consuming to measure the distribution
of a tangential electric field in conventional research.

Meanwhile, the calculation of a dipole array is a common
discrete ill-posed inverse problem [20]. To mitigate the effect
of ill-posed system, many numerical method and mathemat-
ical considerations are mention in [21]. It can be proved
that the error of dipole solution is affected by the condition
number of transfer matrix [22]. The condition number can be
influenced by some factors such as the amounts, the distribu-
tions and the locations of the dipoles andmeasurement points.
In conventional research, the selection of transfer matrix is
determined by theoretical criterion. And the empirical laws
are also helpful for choosing a local optimum transfer matrix.

The least-square is a common method for obtaining the
solution to an inverse problem in conventional research [23].
If condition number of the transfer matrix is very large,
the dipole source is very sensitive to the near-field data and
the solution matrix would not be unique [24]. The dipole
source stability can be improved by regularization algorithms
that suppress the perturbation influence of the measurement
error in near-field data.

Tikhonov regularization is standard for mitigating the ill
conditioning of the inverse problem [25]. Both Tikhonov
regularization and the conjugate gradient method are used
to obtain a convergent solution as mentioned in [26]. The
SVD method is not only useful for reducing the effect of
ill conditioning, but also capable of ensuring the quality and
sufficiency of the near-field data [27]. The regularization
coefficient is used to adjust the weight of the stability and
accuracy of the solution source matrix [28]. The regulariza-
tion coefficient can be obtained by the diverse methods such
as ‘‘L-Carve’’, intelligent optimization algorithm, general-
ized cross validation, machine learning and TSVD [29]–[31].

However, it is difficult to select a suitable regulariza-
tion coefficient when the level of error is not clear and the
transfer matrix has a large scale. In addition, the regulariza-
tion iteration steps can be extremely time-consuming when
the transfer matrix is very complex. The number of itera-
tion steps increases when the regularization cannot converge
rapidly.

Because of the unavoidable drawbacks in near-field phase
measurement, some research on the phaseless scanning has
become very interesting [32]–[34]. The main research is

composed of the intelligent optimization method, the adjoint
method and the phase angle gradient method. Based on these
methods, the equivalent source model can be calculated with
just the amplitude information.

In this paper, a new transfer model that can reflect the
relationship between the dipole source (Pz, Mx and My) and
electromagnetic field (Ez, Hx and Hy) is derived. Compared
with the conventional transfer matrix, tangential component
of electric field (Ex Ey) is replaced by the normal compo-
nent of electric field (Ez). And the tangential component of
magnetic field (Hx ,Hy) is retained in the new transfer matrix.
Therefore, the total measurement time of the near-field data
can be decreased by 25%. And the computation time of
dipole source can be substantially decreased because of the
smaller size of the transfer matrix. Because the perturbation
produced by normal component E-probe is smaller than the
tangential component E-probe, the error in near-field data is
reduced.

In this paper, an efficient regularizationmethod is proposed
to calculate a stable and accurate equivalent dipole source
with the new transfer matrix. The new method is based
on the cross-contrast between Tikhonov and TSVD men-
tioned in [25]. The final solution that can converge rapidly is
obtained through an iterative comparison process. Based on
region division, the new regularization method can be used
to calculate the equivalent source of a large-scale problem.
The evident advantages of the solution can be proven by
simulation and measurement.

This paper is organized as follows: The descriptions of
the new transfer model and inverse problem are introduced
in Section II. In Section III, the proposed regularization
algorithm is described in detail. The results of the numerical
simulation and measurement are presented in Section IV to
verify the validation of this approach, followed by conclusion
in Section V.

II. NEW TRANSFER MODEL AND INVERSE PROBLEM
The main idea of the equivalent dipole model is based on
the multipole expansion theory [36]. The radiation source can
be replaced by a set of dipoles: electric dipoles denoted Px ,
Py and Pz, and magnetic dipoles denoted Mx , My and Mz.
When the PCB signal plane is very close to a ground plane
and the DUT is a microwave or high-speed digital circuit,
the impact of the finite ground edge can be tolerated [37].
Notice that, only three dipoles Pz, Mx and My are enough to
create the equivalent dipole array [16]. As shown in Fig.1,
the electromagnetic field data of DUT is measured on the
near-field scanning plane firstly. And then, the equivalent
dipole source can be extracted with the scanning data and
transfer matrix. Finally, the field distribution in the half space
above the DUT can be obtained based on the equivalent
source.

The electromagnetic fields generated by the dipole source
above an infinite ground plane can be calculated analyti-
cally [38]. As shown in Fig.2, the electromagnetic field from
z-polarized dipole at the origin of a spherical coordinate can
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FIGURE 1. Equivalent dipole model based on near-field scanning.

FIGURE 2. Electric dipole (a) and magnetic dipole (b).

be calculated as [39]
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where Ie and Im are complex number denoting the electric
current and magnetic current, k is the space wave number in
vacuum, L is the length of dipole, η is wave impedance in
free-space, and r is the distance from the measurement point
to the dipole. The electromagnetic fields (F) excited by the
equivalent dipole source (X ) can be calculated as a matrix
equation.

TX = F (7)

where T is the transfer matrix that denotes the relationship
between the electromagnetic field and dipole source. The
spherical coordinates should be converted to rectangle coor-
dinates, because of planar near-field scanning and planar
distribution of dipoles. In previous research [16], the data
vector F includes the tangential component of near-field
distribution Ex , Ey, Hx and Hy. However, in this paper,
vector F is composed of normal component of electric

FIGURE 3. Image model of dipole source: Red arrow indicates electric
dipole; Blued arrow indicates magnetic dipole.

field Ez and tangential component of magnetic field Hx
and Hy. The dipole solution vector X denotes the equivalent
dipole source which includes Pz, Mx , and My. The electro-
magnetic fields at each observation points can be calculated
as the linear superposition of the fields generated by all the
dipole sources. Hence, equation (7) can be rewritten in two
different forms.

TPzEx TMxEx TMyEx
TPzEy TMxEy TMyEy
TPzHx TMxHx TMyHx
TPzHy TMxHy TMyHy


Pz
Mx
My

 =

Ex
Ey
Hx
Hy

 (8)

 TPzEz TMxEz TMyEz
TPzHx TMxHx TMyHx
TPzHy TMxHy TMyHx

Pz
Mx
My

 =
Ez
Hx
Hy

 (9)

where the conventional and new proposed transfer matrices
are presented as (8) and (9) respectively. And it is obvious
that the new transfer model needs fewer near-field data, and
the scale of transfer matrix is also reduced. It is helpful to
improve the efficiency of solving such an inverse problem in
both computation and storage. The number of test points over
near-field scanning plane is set asM×M. The dimensions of
submatrix in F areM2

×1. The number of each kind of dipole
is assumed to be N × N , the dimensions of submatrix in X
should be N 2

× 1.
The submatrix of T indicates the relationship between elec-

tromagnetic fields and dipoles. As shown in Fig.3, the field
distribution can be calculated as the superposition of field cre-
ated by the dipoles and their images. Therefore, the detailed
expressions of TPzEz, TMxEz, TMyEz TPzHx , TMxHx , TMyHx ,
TPzHy, TMxHy and TMyHy are given as (10) - (18). To simplify
the equations, the expansions of terms f1(d) and f2(d) are
given as (19) and (20), respectively.

TPzEz =
η

2π
[
f1(r)(z− z′)2

r3
+
f1(r ′)(z+ z′)2

(r ′)3

−
jk((x − x ′)2 + (y− y′)2)

2
(
f2(r)
r2
+
f2(r ′)
(r ′)2

)] (10)

TMxEz =
−jk
4π

[
f1(r)(y− y′)

r
+
f1(r ′)(y− y′)

r ′
] (11)

TMyEz =
jk
4π

[
f1(r)(x − x ′)

r
+
f1(r ′)(x − x ′)

r ′
] (12)
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where x, y and z denote the coordinates of the test points and
x’, y’ and z’ denote the locations of the dipole array. The
terms r and r’ which can be calculated as (21) and (22) are
the distances from the test points to the three dipoles and their
images.

r = [(x − x ′)2 + (y− y′)2 + (z− z′)2]1/2 (21)

r ′ = [(x − x ′)2 + (y− y′)2 + (z+ z′)2]1/2 (22)

There are two simulation examples used to illustrate the
difference between the old transfer matrix and the new
transfer matrix. In the first example, the height of near-field

TABLE 1. Comparison between two transfer matrices.

TABLE 2. Error of fields calculated by different matrices (%).

scanning plane is set as 3 mm and the height of dipole plane
is set as 0.25 mm. The simulation frequency is 2 GHz. The
interval between the test points and the dipoles is 1 mm,
respectively. The sample points and dipoles are distributed
uniformly over the two planes. The condition numbers of
the conventional transfer matrix (Con.) and the new transfer
matrix (New.), and the computation times and cache memo-
ries of the different programs are presented in Table 1. It is
obvious that the condition number of new transfer matrix is
more stable and the new transfer model is more efficient with
increasing of matrix scale.

In the second example, the numbers of test points and
dipoles are given as M and N . The height of the observation
plane is set as 2 mm and the height of dipole array is set
as 1 mm. The simulation frequency is set as 1GHz. The
equivalent source is determined based on the old matrix and
new matrix with same regularization method, respectively.
And the relative errors of all components are given in Table 2.
Due to the decrease of near-field data, the error of Hx and Hy
calculated based on the new matrix may increase by about
0.4% compared with the old matrix. Both the old matrix and
new matrix may result in a large error in calculation of Hz.
The old matrix (To) has better performance in calculation of
Ex and Ey. The new matrix (Tn) has an evident advantage in
calculation of Ez.

The equivalent dipole solutionX is obtainedwith near-field
data F and transfer matrix T . It is a typical inverse problem
for calculating a dipolematrix. If the transfermatrix T is well-
condition, the dipole solution could be calculated with the
least square method. However, T is often an ill-posed matrix
in the EMC problems, whichmeans the stability and accuracy
of solution X is potentially sensitive to the perturbation in the
near-field data F . Because of the inevitable errors caused by
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measurement and computer truncation, equation (7) can be
written as

(T̂ + ET ) · (X̂ + EX ) = (F̂ + EF ) (23)

where matrix F denotes the actual near-field data without
error EF . Matrix T denotes the original transfer matrix with-
out error ET . Matrix X indicates the stable dipole matrix,
EX is the error caused by the perturbation included in T
and F . And the relative error of the solution matrix can be
derived as equation (24).

‖EX‖
‖X‖

≤
‖T‖ ·

∥∥T−1∥∥
1− ‖T‖ ·

∥∥T−1∥∥ ‖ET ‖
‖T‖

(
‖ET ‖
‖T‖

+
‖EF‖
‖F‖

) (24)

The ‖ · ‖ denotes the Euclidean norm of matrix, and
cond(T ) = ‖T‖ · ‖T−1‖ is defined as the condition number
of transfer matrix T . The form ‖EA‖/‖A‖ denotes the relative
error of matrix A. Equation (24) can be rewritten as the fol-
lowing when the error of T is very small and can be ignored.

‖EX‖
‖X‖

≤ cond(T ) ·
‖EF‖
‖F‖

(25)

It is obvious that the relative error of dipole solution is
mainly affected by the error in F . To improve the accuracy of
dipole solution, the condition number of T is supposed to be
reduced. Therefore, a suitable regularization method should
be used in solving such an inverse problem.

III. CONDITION NUMBER AND REGULARIZATION
As discussed earlier, it indicates that the stability and accu-
racy of the solution matrix are mainly impacted by the con-
dition number of transfer matrix and the relative error of
near-field scanning data. In order to improve the dipole source
solution, the condition number should be reduced to avoid
amplifying the upper limit of error Ex . This reduction is very
important for the further research of equivalent dipole model
based on a well-conditioned transfer matrix.

A. OPTIMIZED CONDITION NUMBER
Previous work [22] has payed attention to factors which can
influence the condition number of transfer matrix. If the total
number of test points is set as a constant value, the number
of dipoles, the interval of dipoles and the distribution of the
dipoles drastically impact the condition number,

To locate the real noise source accurately, the distance
between the measurement plane and surface of DUT should
be very small, and the interval between two closed test points
should be as small as the spatial resolution of near-field
probe. High-resolution scanning is necessary in EMI diagno-
sis of PCB. To represent the electromagnetic field distribution
of DUT, it is better to select a high-density dipole array.
However, a large number of the measurement points and
dipoles are time consuming and result in a large condition
number of the transfer matrix. A suitable transfer matrix can
be selected based on following steps;

1) To reconstruct the dipole source accurately and effi-
ciently, the number of measurement points (M ) and number

TABLE 3. Relative error of dipole source with different M and N(%).

of dipoles (N ) should be suitable. There is no quantitative
relation between M and N . A comparison simulation result
given in Table 3 is used to illustrate the relative error of
the dipole source with different selection of M and N . The
heights of near-field observation plane and dipole plane keep
unchanged. And the observation area is equal to the dipole
area. As given in Table 3, with the increase of N , the relative
error decreases firstly. And then, the relative error changes
unobvious. Finally, the relative error increase. It indicates that
the difference betweenM andN should not be too large or too
small to avoid large relative error in engineering application.

2) The interval between two closed dipoles can be same
or not to adapt the different models. When the DUT is large
or homogeneous, the locations of dipoles should be uniform
to enhance the efficiency. And if the DUT is specific or
anisotropic, the interval of the dipoles can be different and
more dipoles can be placed in the interest area;

3) The distribution area of the dipoles should not be too
small to avoid an undesired dipole solution. And the dipole
area should increase when the distance between the scan-
ning plane and the dipole array plane decreases. Otherwise,
the serious errors will appear at the edges of observation area;

To research the change of condition number of different
transfer matrixes, some numerical experiments results are
obtained and presented. Themain steps of the experiments are
given as follows. Firstly, the location of the test point is pro-
vided. And then, the dipole array is designed, the range of the
dipole number, the alternative value of the dipole interval and
the distribution area are determined in this step. Finally, the
condition number of the transfer matrix is calculated. In this
paper, an accelerated iteration method is used in optimizing
the transfer matrix.

The transfer matrix is built as a multiport model in
MATLAB. The types of input variables include NT (number
of test points),ND (number of dipoles), LT (coordinates of test
points), LD (coordinates of dipoles), HT (height of near-field
scanning plane), HD (height of dipole array plane), and f
(simulation frequency). The output variable is CT (condition
number of transfer matrix). These input variables are initial-
ized at beginning of the accelerated algorithm, and changed
at each iteration. The accelerated method is based on the
gradient change of CT with different input variables. The
variations of input variables will automatically decrease when
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FIGURE 4. The accelerated iteration method.

the change of CT is drastic. This is helpful for improving the
performance of transfer matrix selection in both computing
time and accuracy. As shown in Fig.4, the different values ki
(i = 1, 2, . . .) of input variables are used to calculate CT . The
gradient value of CT at k1 is recorded and compared with the
one at k2. If the change of gradient became smaller, the inter-
val between k2 and k3 would enlarge automatically. In the
contrast, the step interval will decrease when the gradient has
changed larger. If the gradient changes sign at several sample
points, the condition number is close to the locally optimal
solution and the iteration stops at the minimum sample point.
And the minimum interval and maximum iteration number
will be set to avoid a great number of computations.

This method can be used to analyze the influence of
each input variable mentioned earlier, and ultimately select
a suitable transfer matrix. It is always an efficient method
to calculate the transfer matrix when the test points and
dipoles are distributed uniformly on the observation plane
and dipole plane. Where the variations of NT and TD are
positive integer and no less than 1. The number (M× M )
of test points on the near-field scanning plane indicates that
there are M test points in both x and y direction. For this
example, the distribution of near-field scanning points is
uniform, and the interval between two adjacent observation
points is 1 mm. The maximum interval can reach to one-tenth
of the wavelength. The minimum interval is subject to the
spatial resolution of near-field probe. Firstly, the height z of
scanning plane is 2 mm, and the height z’ of dipole plane
is1mm. Moreover, the number of dipoles is set as N × N .
As for different DUT, the minimum of N is selected as
(M-1)/2 + 2∗I (I : Iteration number, I = 1, 2 · · · ). The
upper limit of N is determined by the iteration algorithm. The
maximum iteration number is set as 20. A numerical result is
presented in Fig.5.

When the iteration number is less than approximatelyM/4,
the condition number is monotone increasing. And it is obvi-
ous that the change in the condition number is more dramatic
with the increasing iteration number. When I = (M + 1)/4,
the condition number is a local minimum point. The change
is alleviated when I > M/4+5.25. This conclusion is helpful
for selecting a suitable transfer model. However, the compu-
tation time of dipole solution still increases quickly when the
DUT has a large size. Thus, the research into the efficiency

FIGURE 5. The condition number calculated with different iteration
numbers.

and accuracy of the solution becomes more attractive. A pro-
posed regularization technique is given as follows.

B. REGULARIZATION TECHNIQUE
The transfer matrix should be optimized to obtain a suit-
able condition number which determines the relative error
upper-limitation of the dipole solution. It is helpful to obtain a
suitable equivalent solution with regularization. To solve the
ill-posed inverse problem such as (23), two widely used regu-
larization methods mentioned in previous work are Tikhonov
regularization and TSVD [25]. The characteristics of the two
methods are different.

To obtain a stable and accurate equivalent dipole source,
the objective function of Tikhonov is defined as

RC = min
X∈R
{‖TX − F‖2 + µ2

‖X‖2} (26)

The regularization coefficient µ is a positive number, and
used to balance the weights of ‖TX−F‖2 and ‖X‖2. The first
term presents the accuracy of vector X , and the second term
impact the stability of the equivalent solution. The regulariza-
tion solution of (26) is expressed as

Xµ = [T TT + µ2I ]−1 · T TF (27)

where I is an identity matrix and the superscript T denotes the
matrix transposition. A suitable µ determines how accurate
and stable the dipole solution matrix is. Commonly used
methods for selectingµ include ‘‘L-curve’’, discrepancy prin-
ciple, the quasi-optimality principle and Generalized cross
validation. However, this regularization has not been analyt-
ically proven to be absolutely convergent. And the methods
based on the discrepancy principle would be invalid when the
level of error in the near-field data is unavailable.

Singular value decomposition (SVD) is a popular method
for dealing with the matrix operation [27]. The SVD form of
transfer matrix T can be written as

T = UAV T (28)

where the matrices

U = [u1, u2, · · ·, u3M2 ]3M2×3M2 (29)

V = [v1, v2, · · ·, v3N 2 ]3N 2×3N 2 (30)
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A =
(
Ar 0
0 0

)
3M2×3N 2

(31)

Ar = diag[σ1, σ2, · · ·, σr ]r×r (32)

where the unitary matrices U and V are composed of column
vectors ui and vi. Where the diagonal matrix Ar consists of
the positive singular values of T . The subscript r denotes the
number of positive singular values (in other words, the rank
of T ). And they are ordered as σ1 ≥ σ2 ≥ . . . ≥ σr > 0.
According to (28)-(32), the Moore-Penrose solution X can
be written as

Xk =
k∑
i=1

viuTi
σi

F (33)

where k is the number of singular values left in TSVD. And
the last r-k diagonal elements of Ar are removed, because
that the error in the near-field data can significantly affect the
dipole solution when the singular values are small. It is obvi-
ous that ‖Xk‖ increase and ‖F-TXk‖ decrease monotonically
with the increase of k . However, the change in solution Xk is
not continuous.

Numerous numerical experiments suggest that the regu-
larization solution Xµ should be approximate to the TSVD
solution Xk for the same model. However, the parameter µ
can change continuously in the domain of definition, and k is
an integer range from 1 to r . The calculation of Xµ will take
a lot of time but the solution has a higher accuracy. Xk can be
computed completely in several iterations, but may be not the
optimal solution.

The accuracy and efficiency of the solution are impacted by
both k and µ. According to the Moore-Penrose solution (33)
for an equivalent source, the regularization solution (27) can
be calculated as

Xµk =
k∑
i=1

σi · viuTi
σ 2
i + µ

2
F (34)

The truncation factor δi = σi/(σ 2
i +µ

2) is decrease with the
increasing of i. To determine the value of k , the factor δi can
be assumed as zero when δi is less than a known condition.
Then, the regularization solution Xuk is obtained.

The process of the proposed regularization method is pre-
sented in Fig.6.

1) Obtain the singular value of transfer matrix T , and
record the unitary matrix and diagonal matrix;

2) Calculate a rough regularization coefficient µ with
L-curve method;

3) Compute the truncation factor δi = σi/(σ 2
i + µ2).

If δi is less than a convergence condition such as 10−3, the last
r-i diagonal elements of Ar are removed. The parameter k
should be i-1;

4) According to 1), 2) and 3), the optimized solution can
be calculated by (33).

It is an effective method to calculate such an inverse
problem, because that the dimension of the original transfer
matrix can be reduced automatically when the convergence

FIGURE 6. Flow chart of the proposed regularization method.

TABLE 4. The detailed information of probes.

condition is satisfied. The compute efficiency can increase
exponentially.

IV. VALIDATION AND DISCUSSION
In this section, the detailed application procedure of the
equivalent dipoles source is introduced firstly. And there are
five examples based on simulation andmeasurement to verify
the validation of new transfer model and new regularization
method.

A. INTRODUCTION OF DIPOLE SOURCE APPLICATION
In this part, the whole extraction procedure of the equiv-
alent dipole source is introduced. The flowchart is pre-
sented in Fig.7. Firstly, the near-field data of electric device
is measured by near-field probes. And then, the transfer
matrix is determined based on the main steps mentioned
in Section II-A. Meanwhile, the equivalent dipole source
is calculated based on the proposed regularization method.
Finally, the equivalent source can be used to calculate the field
distribution in any observation points.

There are some specific requirements of the near-field
probes mentioned in step 1. (1) The work band of probe
should cover the near-field measurement frequency. (2) And
the size of probe should be small enough to measure the
field distribution in narrow and complex space. (3) The spa-
tial resolution should be small enough to meet the need of
high-resolution near-field scanning. The detailed information
of the near-field probes used in step 1 is given in Table 4.
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FIGURE 7. Typical flowchart of the equivalent source extraction.

FIGURE 8. The simulation area (red line) of delay line in CST.

In addition, the near-field probes are calibrated by the
professional institute (China Aerospace Science and Indus-
try Corporation, 203 Laboratory). The calibrated process is
carried out based on the IEEE standard [40].

B. SIMULATION OF DELAY LINE
The proposed equivalent dipole source and regularization
method is validated with a simulation model as shown
in Fig.8. The dimension of the PCB is 80mm × 80mm. The
trace is 1oz thick and 1mmabove the ground plane. The signal
trace is driven by a single frequency source and terminated
by a load of 50�. The near-field data of the selected area are
obtained on a plane which is 4mm above the ground plane.
And the total number of observation points is 31 × 31. The
normal component of electric field and tangential component
of magnetic field are simulated and presented in Fig.8.

As discussed earlier, the stability and accuracy of the
solution matrix are impacted by both the condition number
of the transfer matrix and the noise level of the near-field

FIGURE 9. The simulation field data: (a) The amplitude distribution
(b) The phase distribution.

TABLE 5. Relative errors of different methods.

scanning data. The distribution of dipoles is determined based
on the work mentioned in Section II. There are 31 × 31
dipoles uniformly distributed on the dipole plane. The height
of dipole plane is 3.5 mm and the interval between two closed
dipoles is 1 mm. The distribution of the electromagnetic field
on the observation plane shown in Fig.9 is calculated with the
proposed regularization method.

To quantify the validation of the regularization method,
the relative error between the numerical result and the ref-
erence result is defined as

Error =
1
M
·

M∑
i,j=1

‖Fsim(i, j)− Fcal(i, j)‖
‖Fsim(i, j)‖

(35)

where (i, j) denotes the index of observation points, M is
the number of test points. For this model, the relative errors
of different regularization methods are given in Table 5.
The equivalent dipole solution is built and simulated as a
radiation source inMATLAB. The amplitude information can
be obtained from X and the initial phase is set as zero. The
tangential components of the electric field from the original
structure and from the equivalent simulation model are com-
pared in Fig.10.

The dipole solution can be described as a linear model

X = f (K ,Lo,LD,Ez,Hx ,Hy) (36)

where f is a function signature depending on the flowing
constraint conditions. K is a constant coefficient. Lo and
LD are the locations of the near-field scanning point and
dipole respectively. Ez, Hx and Hy are the near-field data
composed of amplitude and phase. For a singular matrix,
the solution will be more accuracy with more constraint
conditions. In other word, the range of solution is lager when
the constraint conditions are not sufficient. The tangential
component of the electric field can be calculated and simu-
lated by the equivalent dipole model. However, the difference
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FIGURE 10. The calculated result data: (a) The amplitude distribution
(b) The phase distribution.

FIGURE 11. The tangential component of electric field: (a) The field from
original structure (b) The field from equivalent dipole model.

in Fig.11 is inevitable. And the maximum relative error is less
than 5.3%.

C. APPLICATION IN MICROSTRIP ANTENNA
In this part, a microstrip antenna is used as a DUT to ver-
ify the proposed research. The microstrip antenna model
is given in Fig.12. The dimension of the ground plane is

FIGURE 12. The microstrip antenna model.

FIGURE 13. The near-field distribution of the microstrip antenna:
(a) Simulation model (b) Dipole source.

40mm× 40mm, and the dimension of the microstrip antenna
is 20mm × 20mm. The dielectric material is FR4, and the
thickness of the dielectric material is 1mm. The antenna
model is built and simulated in full wave tool HFSS. The feed
point is set at (5mm, 5mm), and the simulation frequency is
set as 7.5GHz. The height of near-field observation plane is
set 3mm, the height of dipole array plane is set as 2mm. The
number of near-field observation points is 21 × 21, and the
number of dipoles is set as 31× 31.
The field distribution on the near-field observation plane

is presented in Fig.13(a). The field distribution calculated
by the equivalent dipole source is given in Fig.13(b). The
comparison results of the radiation pattern in plane XoY are
given in Fig.14.
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FIGURE 14. The antenna pattern results created by dipole source and
simulation model.

FIGURE 15. The EH-field distribution of an electric dipole.

TABLE 6. Relative errors of different methods.

To illustrate the advantage of the proposed equivalent
dipole source and the regularization method, the relation
errors of near-field distribution and radiation pattern are given
in Table 6. It is obvious that the near-field calculated by the
dipole source fits well with the real near-field created by
the antenna. And the relative error in the result based on
the proposed regularization method is better than other two
methods.

D. APPLICATION IN LARGE SCALE PROBLEM
As mentioned in [25], only Tikhonov is applicable in (even
moderately) large scale problems. The proposed regulariza-
tion process is time-consuming when the numbers of the test
points and dipoles are very large. To improve the performance
of the method in engineering applications. It is better to

FIGURE 16. The divisions of a large size DUT: (a) Dimension of dipole
subdomain (b) Dimension of near-field scanning subdomain.

divide the DUT into small size parts and compute these dipole
source concurrently. Finally, the radiation pattern of DUT can
be calculated by an assembled dipole source.

As given in (1)-(6), the E-/H- field strength decreases
rapidly with the increase of r . Therefore, most electromag-
netic energy exists near the dipole. To illustrate the field
distribution clearly, a simulation result is presented in Fig.15.
The height of the near-field scanning plane is 2mm. It is
clear that the electromagnetic energy is very small when
the distance between observation point and dipole is larger
than 5mm. In this case, it is enough to calculate the equivalent
source when the near-field scanning area is bigger than the
dipole area about 5mm in x and y direction.

As shown in Fig.16, a large size DUT is divided into twelve
parts and the whole scanning area is also divided into twelve
parts. Each near-field scanning is bigger than the dipole array
area. The twelve equivalent dipole solutions are calculated
simultaneously firstly. And then, the dipole sources will be
assembled as a whole dipole source. Finally, the radiation
emission can be estimated by this equivalent source.

The size of the DUT is 120mm × 90mm, each dipole
array area is 30mm × 30mm. The whole near-field scanning
area is 130mm × 100mm, and each scanning area has a size
of 35mm × 35mm. A full wave model is built and simu-
lated in CST. And then the near-field data is divided into
twelve matrices in Matlab. Each area has a same transfer
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FIGURE 17. (a) Simulation results of PCB (b) Calculation results of
equivalent dipole source.

TABLE 7. Relative errors of different methods.

matrix under this case. The comparison results between the
calculation and simulation are given in Fig.17. The relation
errors of near-field distribution based on different regular-
ization method are given in Table 7. The new matrix and
regularization method can be used to solve such a problem
when the DUT has a large size.

In large scale problems, the size of subdomain should be
neither too large nor too small. The calculation time of dipoles
source will increase when the size of the subdomain is too
large. Other process time will increase when the size of the
subdomain is too small. Therefore, the size of each subdo-
main should be less than 40mm× 40mm. If the computer has
a higher performance, the subdomain size could be larger.

E. APPLICATION IN COMPLEX ELECTRIC CIRCUIT
In this part, the motherboard of an intermediate frequency
digitizer is used as the DUT to verify the proposed equivalent
dipole model and regularization method. The photograph
of the motherboard and near-field scanning area are shown
in Fig.18. The dimension of the near-field scanning area is
set as 30mm × 30mm. And the height of the scanning area
is 4mm, the interval between two closed test points is 1mm.
The amount of the test points is 31× 31. The dipoles source
plane is set as 2mm. The number of the dipoles is 25 × 25,
and the interval between two closed dipoles is 1.25mm. The
main steps of the whole process are given as following:

(1) The near-field data F shown in Fig.19 (a) is obtained.
(2) The transfer matrix T is determined as mention above.
(3) The equivalent dipole source X is calculated by the

transfer matrix T and near-field data F .
(4) The field-distribution FC calculated by dipole source is

given in Fig.19 (b).
(5) The error between F and FC is calculated and provided

in Table 8.

FIGURE 18. The photograph of the intermediate frequency digitizer
motherboard.

FIGURE 19. (a) Field distribution of the DUT (b) Calculation results of
equivalent dipole source.

TABLE 8. Relative errors of different methods.

F. MEASUREMENT OF ENGINEERING PCB
As mentioned above, the simulation examples are designed
to illustrate the validation of proposed regularization method
and the effectiveness of new equivalent dipole extraction
process. For any engineering PCB, the setting of near-field
plane is introduced firstly. The heights of different compo-
nents placed on the PCB should be considered. The minimum
distance between the scanning plane and PCB should be large
than the maximum height of electric components. In addition,
the interval between two closed test points should be small
enough to locate the noise source.

A simulation example is used to illustrate the importance of
high-resolution scanning. There are nine electric dipoles used
as the DUT. The height of near-field scanning plane is set as
4mm. The field distributions (Ez) at 350MHz with different
scanning interval (K = 1, 2, 3 and 4mm) are presented
in Fig. 20. It is obvious that the real emission source can be
located accurately when the scanning interval is very small.
Therefore, the high-resolution is very useful in engineering
applications.
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FIGURE 20. The distribution of Ez with different intervals.

FIGURE 21. The photograph of FPGA.

In addition, a Field Programmable Gate Array (FPGA) as
shown in Fig.21 is used to verify this method in engineering
application. The size of this board is 50mm × 65mm, and
the integrated circuit is driven by an oscillator whose output
voltage is 3.3V. The main radiation source is the clock signal
at 50MHz and its odd harmonic. The PCB is placed on a large
metal alloy plane to reduce the influence of fringe effect. The
maximum height of the components is 2.5mm. Therefore,
the height of scanning plane is set as 3mm. The scanning area
(red line) is 40 mm × 40mm. The spatial resolution of the
near-field probe is about 1.9mm at such a height. Therefore,
the interval between two neighboring points is set as 2mm at
both x and y direction, and the test frequency is 350MHz.

The phase information of near-field data is very difficult to
obtain in engineering application. As mentioned in [13], [34],
the magnitude-only technique is used to determine an equiv-
alent source. As pointed out in (36), the lack of phase will
mitigate the accuracy of the dipole source. But we used
more amplitude of near-field data and dipoles to improve
the performance of the equivalent solution. Considered the
measurement condition of our laboratory in this application,
only the amplitude information of near-field data measured
by a spectrum analyzer (Agilent) is used to determine an
equivalent source.

FIGURE 22. (a) Field distribution of the FPGA (b) Calculation results of
equivalent dipole source.

FIGURE 23. The measurement set-up.

TABLE 9. Relative errors of different methods.

The target FPGA is working in standby mode, the distribu-
tion of the near-field may remain stable or change regularly.
The synchronization in the time domain should be consid-
ered. Therefore, the time span between two test points should
be the integer multiples of the work mode period in time
domain. To reduce the measurement error, the perturbation
produced by probe is considered firstly. And then, the elec-
tric and magnetic probes should be calibrated carefully as
mentioned in Section IV-A. Finally, the set-up of spectrum
analyzer is optimized to reduce the noise. The compensated
data is presented in Fig.22(a).

The amount of the dipoles is set as 23 × 23, the height
of dipole plane is set as 2.5mm, and the interval between
two closed dipoles is set as 2mm. The equivalent dipole
matrix is calculated by the near-field data with the proposed
regularization method. The equivalent dipole model is built
in Matlab and used to calculate the field on the near-field
scanning plane. As shown in Fig.23 (b), the field produced
by the dipole model agree well with the scanning data on the
same plane. The relative error is given in Table 9.
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FIGURE 24. The perturbation generated by different electric probes.

FIGURE 25. The perturbation generated by different magnetic probes.

TABLE 10. Simulation and measurement results.

From the result, the location of oscillator can be clearly
presented. It is obvious that the distribution of voltage and
current can be reflected by the equivalent dipole source. It can
be used in noise location and emission estimation.

To illustrate the validation of the equivalent dipole source.
The tangential components of electric field at some obser-
vation points are measured in anechoic chamber. As shown
in Fig.23. The FPGA is placed on a reference ground plane,
and the antenna is fixed on a holder which can be moved
and adjusted. The height of the DUT is set as 1m. And the
height of the antenna is set as 1m and 1.5m, respectively. The
field data is measured by the antenna at different observation
points.

The equivalent dipole model is built and simulated in
Matlab. The comparison results between the simulation and
measurement are given in Table 10. And the relative error

TABLE 11. Relative errors of different methods.

is given in Table 11. The maximum relative error is less
than 9.7%. The reason is composed of two main errors. The
first error is introduced by the difference between the dipole
model and real DUT. And the error cannot be calculated
accurately. The second error is introduced by the difference
between measurement data and real data. According to [41],
the expanded uncertainty of the measurement system can be
used to evaluate the second error. Based on the calculation
mentioned in [41], the expanded uncertainty of the measure-
ment is 6.55dB.

V. CONCLUSION
To reconstruct an equivalent dipole source that can repre-
sent the radiation emission of compact and complex DUT,
the solution will be more accurate with more constrain con-
ditions. However, considering the inevitable difficulties in
obtaining the electric field tangential components Ex and
Ey, a new transfer model based on the normal component
of the electric field is used in this paper. The near-field data
measurement time of the proposed model can be reduced by
25% compared with the model mentioned in [16]. In addition,
the tangential component can be obtained with the 3D full
wave simulation model, the maximum relative error is less
than about 10%. A new proposed regularization algorithm
which can improve the dipole solution in both accuracy and
efficiency is proposed in this paper. For the same model,
the relative error of dipole source can decrease about 45.6%
and 72% compared with Tikhonov and TSVD. The new pro-
posed transfer model and regularization method were verified
by a simulation and measurement.

APPENDIX
To illustrate the perturbations created by different types of
near-field probes, a full wave model is built and simu-
lated in HFSS. The S11 (Fig.24 and Fig.25) of a matched
microstrip line is given as a reference. And then, different
near-field probes are placed above the center of microstrip
line. The change of S11 is recorded to illustrate the level of
perturbation. It is obvious that the perturbation generated by
tangential component electric probe is larger than the normal
component electric probe. And the perturbations created by
the tangential component magnetic probes are smaller com-
pared with the normal component magnetic probe.
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